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We report a study of high quality pnictide superconductor BaFei.84Coo.i6As2 thin films using 
time-domain THz spectroscopy. Near T c we find evidence for a coherence peak and qualitative 
agreement with the weak-coupling Mattis-Bardeen form of the conductivity. At low temperature, 
we find that the real part of the THz conductivity is not fully suppressed and a% is significantly 
smaller than the Matthis-Bardeen expectation. The temperature dependence of the penetration 
depth A follows a power law with an unusually high exponent of 3.1. We interpret these results as 
consistent with impurity scattering induced pair-breaking. Taken together our results are strong 
evidence for an extended s± symmetry order parameter. 

PACS numbers: 74.25. Gz,74.70.Xa,74.25.-q 



The discovery of iron based superconductors tlHa] bas 
further increased interest in tbe physics of high temper- 
ature superconductivity. Among other things, this has 
stemmed from similarities in the phase diagram between 
high-T c cuprates and these new superconductors. Both 
share a proximity and interplay with a magnetically or- 
dered state, a superconducting dome as a function of 
doping and anomalous normal state transport proper- 
ties [6|>lZ|- However, significant differences also exist. For 
instance, for the iron based materials the undoped parent 
compounds are metallic, while the cuprates are Mott in- 
sulators. Also, in the cuprates, a single band model has 
been considered a good starting point to describe the 
basic physical picture, whereas the iron pnictides have 
multiple occupied d orbitals which make even a simple 
tight binding model more involved [8j. 

Based on LDA first principles calculations @, it was 
suggested that a natural symmetry for the order param- 
eter was one in which the sign of the wave function was 
opposite for different sheets of the Fermi surface (FS), so 
called extended s-wave or s±. This was based on LDA- 
predicted band structure that have 2 almost circular elec- 
tron and hole pockets separated by the wavevector (tt, 7t), 
which matches the magnetic ordering wavevector in the 
undoped materials. This Fermi surface geometry lends 
itself to a pairing scenario based on spin-wave exchange 
with that wavevector. Further analysis based on a renor- 
malization group treatment supports this picture [10| . 

One of the hallmarks of the BCS theory of ordinary 
superconductors [ll| was the prediction of an energy gap 
to single particle excitations. The theory was extended 
by Mattis and Bardeen 12j to calculate the electrical 



hancement from "coherence factor" effects. These orig- 
inate from the interference between the transition am- 
plitudes of the electromagnetic field operator A between 
single particle states. This occurs because the supercon- 
ducting ground state is a coherent superposition of single 
particle states [131 ] which participate in the scattering and 
absorption of the field. 

In general, a coherence peak can arise when the por- 
tions of Fermi surface that are coupled by an experimen- 
tal probe have gaps of the same sign and magnitude. The 
first evidence for it was in the NMR relaxation rate of Al 
in 1958 14j. In the AC conductivity, the first observation 



of this effect was in Tinkham's far infrared absorption ex- 
periments of lead [l5J . In the case of the iron based su- 
perconductors, the coherence or Hebel-Slichter peak has 
not been observed in NMR experiments [la, LLij] ■ Because 
NMR is a local probe and can couple parts of the FS that 
differ by large momentum transfer, the absence of the 
coherence peak has been interpreted as supporting the 
picture of the sign changing extended s-wave symmetry 



of the gap function (s±) 
In this Letter we report 
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conductivity as a function of temperature and frequency. 
They predicted that just below T c , for frequencies below 
the gap 2A, the real part of the conductivity has an en- 



we report evidence for the coher- 
ence peak in the THz conductivity of an iron pnictide 
BaFei.84Coo.i6As2. Our results point to the existence of 
an order parameter that is more or less uniform over a 
FS sheet. We also find evidence for pair-breaking effects 
in the form of a residual real part of the conductivity at 
low temperature and a reduced superfluid density over 
the expected value. Together these results are strongly 
consistent with an s± symmetry of the order parameter 
which has opposite sign gaps on different FS sheets. 

Thin films of BaFe2-2a;Co2a;As2 were grown by pulsed 
laser deposition on LSAT substrates with a STO tem- 
plate to allow epitaxial growth. Extensive details on the 
film growth can be found elsewhere [19J . The novel tern- 




Frequency (cm ) 



50 



Temperature (K) 



FIG. 1: Resistivity p(T) of BaFei.84Con.i6As2 film as a func- 
tion of temperature for films grown directly on LSAT (blue 
(gray)) and grown with the STO template layer (black). Ver- 
tical lines indicate the onset (T onset) and zero resistance tem- 
peratures (Too); T c is chosen at the midpoint of these 2 val- 
ues, 20.6 K with a width of 1.8 K. Inset: X-ray diffraction 
rocking curve and FWHM for (004) reflection of the same 
films. The intensity for the LSAT film is multiplied by 5. 



plate engineering results in films of exceptional quality. 
As shown in the inset to Fig. [I] the full width at half max- 
imum of the (004) reflection rocking curve of the film on 
STO/LSAT is as narrow as 0.3°, which is the narrow- 
est ever reported for 122 thin films, whereas that of the 
film on bare LSAT is as broad as 4.1°. The small mosaic 
spread is comparable to good single crystals. Residual 
resistivity values (Fig. [1} of films grown on STO/LSAT 
are almost a factor of 2 smaller than those grown directly 
on LSAT. For the present film with x =0.8, T c is found 
to be 20.6 K with a transition width of 1.8 K. 

Terahertz conductivity measurements were performed 
using a home-built terahertz time domain transmission 
spectrometer (TTDS) at JHU, which in these films can 
access the frequency range between 200 GHz and 2 THz. 
In TTDS, a femtosecond laser pulse is split along two 
paths and excites a pair of photoconductive Auston- 
switch antennae deposited on radiation damaged sili- 
con on sapphire. A broadband THz pulse is emitted by 
one antenna, transmitted through the BaFe2-2a;Co2 S As2 
film, and measured at the other antenna. By varying 
the length-difference of the two paths, the electric field 
of the transmitted pulse is mapped out as a function 
of time. Comparing the Fourier transform of the trans- 
mission through BaFe2-2zCo2 :c As2 to that of a reference 
resolves the full complex transmission coefficient. The 
transmission is then inverted to obtain the complex con- 
ductivity by using the appropriate formula in the thin 
film approximation. By measuring both the magnitude 
and phase of the transmission, this inversion can be done 
directly and does not require Kramers-Kronig transfor- 
mation. Reference measurements were performed by ra- 
tioing to a nominally identical LSAT/ STO layered sam- 
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FIG. 2: (Color Online) (a) Real part of the THz conductivity 
of BaFei.84Coo.i6As2. (b). Imaginary part of THz conductiv- 
ity. Inset. Temperature dependent 02 for several frequencies 
between 200 GHz and 1.5 THz in 70 GHz steps. 



pie. Although explicit effects of the three layers in trans- 
mission are possible, additional measurements found the 
influence of the STO layer to be negligible. The tem- 
perature dependence was obtained by placing the sample 
in a flowing vapor cryostat with control of the sample 
temperature in a range between 1.7-300 K. 

Figj2] shows the measured THz complex conductivity 
of BaFe! 84 Coo.i6As2 for different temperatures. At low 
temperature the imaginary part exhibits the character- 
istic 1/w dependence expected for a superconductor well 
below T c . The real part of the conductivity shows a 
strong decrease over most of the frequency range, which is 
reminiscent of a standard s-wave superconductor. How- 
ever, at the lowest temperature (2 K), the conductivity is 
not fully suppressed. As we will be discussed below, we 
interpret this as an indication of pair-breaking effects. 
Significantly, at low frequencies and slightly below T c , 
the real conductivity initially shows a small enhancement 
before decreasing at low temperature. We believe this 
enhancement is due to the coherence peak effect. 

In Fig. [3] we show the temperature dependence of the 
THz conductivity for several frequencies below 2A. One 
can clearly see that just below T c the conductivity in- 
creases above the normal state value (plots were normal- 
ized to the 21 K conductivity). Solid lines in Fig. [3] are 
fits using the standard Mattis-Bardeen form with a sin- 
gle gap, with A= 3 meV, however fits of similar quality 
can be obtained using 2 gaps. Although the theoretical 



curve qualitatively resembles the data near T c , at low 
temperatures the fit is not satisfactory. The theoretical 
form shows an exponential suppression of the real part of 
the conductivity at low temperature while the data show 
a finite residual value of approximately 30%. Although 
similar residual conductivities have been observed [20j 
and interpreted in terms of nodes in the order parameter 
[2lL l22j , as we argue below we believe that the residual 
conductivity derives from pair breaking effects. 

It is also interesting to note the very narrow tempera- 
ture region over which superconducting fluctuations are 
exhibited. As shown in the inset of Fig. Hfb), 02 be- 
comes enhanced in region only approximately 2 K above 
T c . There is also no sign of an above T c 'dissipation peak' 
arising from superconducting fluctuations, cf. Fig. EJa). 
The narrow range of SC fluctuations may be a reflection 
of the 3D character of superconductivity in these mate- 
rials, and are very different from the broad fluctuation 
range seen via TTDS in the cuprate family of high-T c 
superconductors and amorphous thin films 231-425 1 . 

The observation of the coherence peak in the AC con- 
ductivity of BaFe2-2zCo2a;As2 is an important clue to 
the symmetry of the superconducting parameter in this 
family of materials. A coherence peak is usually taken as 
evidence of a uniform gap function, although more pre- 
cisely what is required is that portions of the Brillouin 
zone coupled by the experimental probe have gaps of the 
same sign and similar magnitude. Because in general 
optical measurements probe only zero-momentum exci- 
tations around the Fermi surface, in the case of the pre- 
dicted s± symmetry in the pnictides superconductors, 
one expects the conductivity to only detect a single sign 
of the order parameter, since the different sheets are sep- 
arated by large momentum transfer. Since there is no 
sign change in the order parameter within a single sheet, 
we expect a coherence peak that qualitatively resembles 
that from a single-uniform-gap superconductor. 

It is interesting to compare our observation of a coher- 
ence peak to the expected one in NMR relaxation rate 
i.e. the Hebel-Slichter peak. A number of groups [261.127 1 
have reported a lack of a coherence peak in the dissi- 
pation below T c . We can interpret these results as fol- 
lows: as NMR is a local probe that excites a single-species 
nuclear magnetic resonance, it is sensitive to superposi- 
tion of different momenta as well as to the momentum- 
dependent structure factor of the nuclei. Thus, NMR 
relaxation rate is affected by both inter- and intraband 
processes weighted by the appropriate nuclear structure 
factors. The absence of the coherence peak is natural 
when gap-sign-changing interband processes dominates 
the response, as predicted by [3, [l0|. It remains to be 
explained however, how there could be such a minor con- 
tribution to intraband processes from all nuclei jig . 

The existence of an s± order parameter however is su- 
perficially at odds with the residual real conductivity at 
low temperature. Although such residual conductivity 
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FIG. 3: (Color Online) (a) Real and (b) imaginary parts of the 
THz conductivity as a function of temperature for different 
frequencies. Solid lines are calculations using the standard 
Mattis-Bardeen form. 



may be consistent with nodes in the order parameter, 
we feel that overall the data are more consistent with 
pair-breaking effects. In other cases where nodal excita- 
tions have been conclusively identified, like in the d-wave 
high-T c superconductors, the intrinsic scattering rates 
are very small, with the most extreme case being YBCO 
(< 2 GHz) [28j. That is not the case here, as the width of 
any low temperature, low frequency peak is larger than 
our spectral range (1.8 THz). In contrast, one may ex- 
pect that pair-breaking effects from impurity scattering 
are substantial in a superconductor with positive and 
negative contribution to its order parameter [9|, LLOj . We 
expect scattering in these materials because of the effect 
of Co doping, and in particular for this films, due to the 
presence of columnar defects along the c-axis [19| . 

Even more significant evidence for substantantial pair- 
breaking comes from the imaginary part of the conduc- 
tivity (Fig. EJb)) (which is proportional to the super- 
fluid density), since it is greatly suppressed as compared 
to the BCS result. In its essence, the Matthis-Bardeen 
formalism and its dependence on the size of the super- 
conducting gap, is a statement about the conservation 
of spectral weight in the superconductor. In order to 
estimate the effects of pair breaking, we calculate the 
spectral weight missing from the superfluid condensate 
by subtracting the measured 02 from the calculated MB 



af B {T = 0) as fuo[a^ B (T = 0) - a ^ easured {T = 0)]. If 
pair-breaking is the major contributor to the reduced su- 
perfluid density, this difference should be approximately 
equal to § cti(T = 0) x 2A (see Fig. Hi). We find that the 
residual u\ accounts for a substantial 75% of the missing 
superfluid density from the MB expectation. We expect 
this estimation to give a lower bound on the effects of 
pair-breaking. We find therefore that observation of a 
residual <j\ is consistent with an s± pairing symmetry of 
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FIG. 4: (Color Online) London penetration depth of 
BaFei.84Coo.i6As2 film, (a) Comparison of measured A with 
exponential function of temperature, a gap value of A can be 
extracted with a fit below 5 K as shown, (b) Data plotted 
against (T/T c ) 31 . 



the gap without nodes. Additional support for our in- 
terpretation comes from a comparison with far infrared 
conductivity studies of conventional s-wave superconduc- 
tors doped with magnetic impurities. For an extended 
s-wave superconductor, non-magnetic impurities should 
act the same as magnetic impurities in an s-wave super- 
conductor. The present data bear a strong resemblance 
to the far infrared conductivity of Pb films doped with 
Mn impurities [29J, [30j , where a residual value in the zero 



frequency limit in a\ was found 31], but it is in stark 
contrast with the prediction of Abrikosov and Gorkov 
[321 ] where one expects ai(u> — > 0) = 0. 

The temperature dependence of the penetration depth 
supports this scenario as well. Fig. [4] shows the pen- 
etration depth A(T) extracted from the imaginary part 
of the conductivity at 220 GHz. At low temperature A 
behaves almost exponentially with a thermally activated 
gap A w 3 meV. However, note that the data follow a 
power law behavior with an exponent of 3.1 (Fig. HJb)). 
Although power laws in the penetration depth are typi- 
cally taken as indicative of the presence of nodes in an or- 
der parameter, such a large exponent is generally not con- 
sistent with dirty nodal behavior [33] . In the present case 
we think that the large exponents are indicative of pair 
breaking excitations. This view is supported by a recent 
study of the penetration depth measured as a function 
of Pb radiation induced disorder 3J] in single crystals 



of BaFe2-2zCo2:j;As2. The authors found that the expo- 
nent decreased with increasing disorder and that cleaner 
samples have a larger exponent and was consistent with 
pair breaking effects. Based on a model of s± symme- 
try of the gap without nodes, they were able to explain 
the trend with disorder. Although our large exponent 
power-law of more than 3 is in contrast to microwave 



and far infrared measurements in single crystals [35j and 
thin films [22j, where a smaller exponent closer to 2 has 
been observed, it is consistent with the excellent qual- 
ity of our films. In addition, calculations 36|, |37[ of the 
microwave conductivity and penetration depth that take 
into account the pair-breaking scattering due to impuri- 
ties in a multiband s± superconductor, reproduce both 
our observations of finite absorption below the gap (c.f. 
FigJSfa)) and a power law dependence of the penetration 
depth (c.f. Fig. 0Jb)) at low temperatures. This calcula- 
tion places the impurity scattering in BaFe2-2a;Co2a;As2 
between the Born and unitary limits. 

We have reported evidence that strongly support the 
extended s-wave scenario for the symmetry of the super- 
conducting gap in BaFei.84Coo.i6As2- In particular the 
presence of the coherence peak in the THz conductiv- 
ity, the power law behavior of the penetration depth A 
with a high exponent and presence of pair-breaking scat- 
tering are consistent with an s± symmetry of the order 
parameter which does not contain nodes. We hope that 
our work stimulates further investigation into the effects 
of pair-breaking in these compounds. In particular, de- 
tailed calculations of their effects on the conductivity in 
the superconducting state would be very useful. 
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